Introduction
============

Breast cancer is the most common malignancy in females, accounting for \~1/3 of all types of cancer ([@b1-ol-0-0-8166]). Despite advances in the detection and treatment of primary and metastatic cancers, and the application of surgery, radiotherapy, chemotherapy, immunotherapy and drug combinations, the mortality rate from cancer remains high, and side effects from the aforementioned combined treatments are severe ([@b2-ol-0-0-8166]). Therefore, identifying a more effective and less dangerous therapy for cancer is imperative.

Genetically engineered mesenchymal stem cells (MSCs) have been hypothesized to exhibit therapeutic potential in a wide range of human diseases, including cancer. Intravenous injection of MSCs expressing interferon (IFN)-β may inhibit the expansion of the pulmonary metastasis of melanoma and breast cancer in mice ([@b3-ol-0-0-8166],[@b4-ol-0-0-8166]), and prolong the survival of mice with glioma xenografts ([@b5-ol-0-0-8166]). It is well accepted that a critical property of MSCs for cell therapies is their intrinsic homing ability; when infused systemically, MSCs are able to home to the sites of tumor, injury, inflammation and ischemia, although the underlying molecular mechanisms remain unclear ([@b6-ol-0-0-8166],[@b7-ol-0-0-8166]). Previous studies have indicated the role of cytokines and chemokines secreted by target tissues and tumors, including vascular endothelial growth factor, C-C motif chemokine ligand (CCL)2 and CCL5, in MSC rolling, arrest and transmigration along the endothelium. Following transmigration, MSCs were able to contribute to the antitumor effect by synthesizing the engineered proteins ([@b8-ol-0-0-8166],[@b9-ol-0-0-8166]). It is hypothesized that the innate and acquired immune responses serve crucial roles in the antitumor response, and the interactions between the host immune system and tumor cells have been the subject of intense research over the last decades ([@b10-ol-0-0-8166]). Cytokines, including transforming growth factor-β, tumor necrosis factor-α (TNF-α), interleukin (IL)-1, IL-12, IL-18 and IFNs, serve important roles in the immune response ([@b11-ol-0-0-8166],[@b12-ol-0-0-8166]). Alterations in cytokine levels are important parameters that affect the course of disease. IL-18, a more recently described member of the IL-1 cytokine superfamily, is now recognized as an important regulator of innate and acquired immune responses ([@b13-ol-0-0-8166]). IL-18 is produced by macrophages and immature DC early in the acute immune response, and serves an important role in the Th1 response, primarily by its ability to induce IFN-γ production by T cells and natural killer (NK) cells ([@b14-ol-0-0-8166]). In addition to IFN-γ, IL-18 also induces granulocyte/macrophage colony-stimulating factor, TNF-α and IL-1 expression, and acts in concert with IL-12 ([@b13-ol-0-0-8166],[@b15-ol-0-0-8166]). Nakata *et al* ([@b16-ol-0-0-8166]) demonstrated that IL-18 was able to inhibit osteolytic growth at bone metastatic sites and suppress an early onset of bone metastasis in a breast cancer mouse model. Coskun *et al* ([@b17-ol-0-0-8166]) demonstrated that serum IL-18 levels were significantly increased in patients with breast cancer compared with controls. The increase in IL-18 levels was identified to be associated with established clinically used prognostic factors, including tumor size, axillary lymph node involvement and disease stage ([@b18-ol-0-0-8166]).

Our previous study identified that human MSCs derived from umbilical cord (hUMSCs) genetically modified with the IL-18 gene (hUMSCs/IL-18) were able to significantly decrease the proliferation, migration and invasion of breast cancer cells (MCF-7 and HCC1937 cells) *in vitro* ([@b19-ol-0-0-8166]). The underlying molecular mechanism for this suppression of proliferation may be the G1- to S-phase arrest of breast cancer cells induced by hUMSCs/IL-18. The transduced hUMSCs maintained their differentiation potential and pluripotency, and were capable of migration ([@b19-ol-0-0-8166]). However, limited data exist concerning the presence of IL-18 in human tumors *in vivo*, therefore, investigation of the effect of hUMSCs/IL-18 on other types of tumor *in vivo* is warranted.

The aim of the present study was to determine whether hUMSCs/IL-18 were able to inhibit the proliferation and metastasis of breast cancer cells *in vivo*. A breast cancer mouse model was developed by injecting 4T1 cells subcutaneously (s.c.) into BALB/c mice, and injecting hUMSCs/IL-18 at the early (1 week after injection of 4T1 cells) and late (4 weeks after injection of 4T1 cells) stages of breast cancer, to investigate the safety and effect of hUMSCs/IL-18 on breast cancer progression.

Materials and methods
=====================

### Animals

The present study was approved by the Institutional Animal Ethical Committee of Qingdao University (Qingdao, China) and the Ethics Committee of the Affiliated Hospital of Qingdao University. All experimental procedures involving animals were performed in accordance with the Guide for the Care and Use of Laboratory Animals (National Institutes of Health publication no. 80-23, revised 1996) and according to the institutional ethical guidelines for animal experiments. Female BALB/c mice between 6 and 8 weeks of age, with a median weight of 20 g, were purchased from the Laboratory Animal Center of Medical College, Tianjin University (Tianjin, China). All mice were housed in a certified specific pathogen-free animal facility, fed with regular rat chow and maintained under optimal temperature (22--23°C), light (12-h light/12-h dark cycle), oxygen, humidity (60%) and ventilation conditions until sacrifice.

### hUMSC/IL-18 preparation

The umbilical cord was obtained from a healthy mother, aged 27 years, following the birth of a healthy term newborn, with no family history of genetic disease, no cancer history, and no presence of hepatitis B virus, hepatitis C virus, human immunodeficiency virus, Epstein-Barr virus, cytomegalovirus or syphilis in serum. Collection of the umbilical cord was approved by the Institutional Medical Research Ethics Committee of Qingdao Maternity Hospital (Shangdong, China). Written informed consent was obtained from the mother 2 weeks prior to delivery.

The preparation of hUMSCs was performed in the laminar flow laboratory, as previously reported ([@b15-ol-0-0-8166]). A lentivirus construct containing a green fluorescent protein (GFP) gene and mouse IL-18 gene or lentivirus construct containing a GFP gene only (Shanghai GenePharma Co., Ltd., Shanghai, China) was used for the transduction of the hUMSCs. Lentiviruses were added to the medium at room temperature to infect the MSCs at 70 plaque-forming units/cell, and the transfection medium was removed 24 h later. Effective transduction was confirmed using a human IL-18 ELISA kit (cat. no. KB1138; Shanghai Kaibo Biochemical Reagent Co., Ltd., Shanghai, China) to determine IL-18 levels in the culture supernatant.

### Experimental plan

[Fig. 1](#f1-ol-0-0-8166){ref-type="fig"} outlines the plan of the experiment. 4T1 cells were administered as a suspension of 1×10^6^ cells in 100 µl PBS s.c. into the flank of mice to prepare the breast cancer model. The model was considered successful when the tumor size was \>2×2 mm. In order to investigate the early and the late effects of hUMSC/IL-18 transduction on breast cancer, suspensions of hUMSCs, hUMSCs/vector or hUMSCs/IL-18 in 200 µl PBS, or 200 µl PBS alone, were injected into each mouse group 1 and 4 weeks after injection of 4T1 cells. Tumor progression and the behavior of the mice were recorded over the course of the experiment.

For the early-effect and late-effect studies, mice with tumors were randomly divided into 4 groups: The PBS group (n=16), in which mice were injected with 200 µl PBS through the lateral tail vein; the hUMSC group (n=16), in which mice were injected with a suspension of 1×10^6^ hUMSCs in 200 µl PBS; the hUMSC/vector group (n=16), in which mice were injected with a suspension of 1×10^6^ hUMSCs/vector in 200 µl PBS; and the hUMSC/IL-18 group (n=16), in which mice were injected with a suspension of 1×10^6^ hUMSCs/IL-18 in 200 µl PBS. Cell suspensions were administered using a 26G needle via the lateral tail vein.

### Assessment of antitumor effect

Tumor dimensions (length, height and width) were measured twice a week using calipers (Dwyer Instruments, Inc., Michigan City, IN, USA) by a researcher blinded to the treatment group, and tumor volume was calculated according to the following formula: Volume=lengthxwidth^2^/2. None of the mice had to be sacrificed during the experiment due to tumor ulceration, bleeding or a moribund state with excessive weight loss \>25% of the initial weight. At the endpoint of the experiment, animals were sacrificed and tumors were excised. To detect IL-18 expression in tissues, and alterations in immune cells and cytokines *in vivo*, 8 mice from each group were sacrificed 1 week after cell therapy to acquire blood and tissues for analysis. Each experiment was performed at least in triplicate.

### Spleen cell preparation and flow cytometric analysis

Single-cell suspensions were obtained by passing spleens through a 70-µm pore size cell strainer (Falcon; Thermo Fisher Scientific, Inc., Waltham, MA, USA), followed by lysis of erythrocytes with red blood cell lysis buffer (Ortho-Clinical Diagnostics GmbH, Neckargemünd, Germany). The splenocyte suspensions (including lymphocytes and macrophages) were used for flow cytometric analysis. Fluorescein isothiocyanate (FITC)-cluster of differentiation (CD)4, phycoerythrin (PE)-CD8, FITC-CD3 and PE-CD25 monoclonal antibodies (cat. no. CD3-4-8-A, a mix of FITC-CD4, PE-CD8 and FITC-CD3; cat. no. CD3-25-A, a mix of FITC-CD3 and PE-CD25) were added to the splenocyte suspensions and incubated for 30 min at 4°C. All antibodies were diluted at 1:200 and purchased from eBioscience, Inc., San Diego, CA, USA. The cells were then washed twice with PBS, fixed with 1% formaldehyde and analyzed using a FACSCalibur flow cytometer with BD FACStation™ software version 6.1 (BD Biosciences, Franklin Lakes, NJ, USA).

### Histological examination of tumor tissue

Tissue samples from each mouse were divided into thirds. The first third was saved for the analysis of cytokines. Another third was fixed in 4% formaldehyde solution at room temperature overnight and embedded in paraffin using the conventional method, then cut into 4-µm-thick sections. Following deparaffinization with xylene (10 min, 2 times) and rehydration with a decreasing gradient concentration of ethanol (100, 90 and 70% for 5 min at each concentration), the sections were stained with hematoxylin and eosin for gross histological examination and immunohistochemistry.

The remaining third of the tumor tissues was embedded in OCT medium (Tissue-Tek; Sakura Finetek USA, Inc., Torrance, CA, USA), snap-frozen immediately in liquid nitrogen and stored at −80°C until use. For indirect immunofluorescence analysis, 4-µm-thick cryosections were prepared, dried in air, fixed in acetone, rehydrated in PBS and blocked using 10% goat serum at 37°C for 60 min. Sections were incubated with primary antibodies against CD3, CD8, CD16, CD56, CD80 and CD86 (all eBioscience, Inc.) at 4°C overnight, followed by three washes in PBS/1% bovine serum albumin (cat. no. 10437028; Gibco; Thermo Fisher Scientific, Inc.). Subsequently, a FITC-conjugated goat anti-mouse IgG secondary antibody was added (dilution, 1:100; cat. no. 62-6511; Thermo Fisher Scientific, Inc.) for 60 min to detect primary antibody binding, followed by three washes with PBS. Sections were mounted using Prolong Gold anti-fade mounting medium with DAPI (Invitrogen; Thermo Fisher Scientific, Inc.), examined using a fluorescence microscope and acquired with SPOT software (version 4.0.9; Diagnostic Instruments, Inc., Sterling Heights, MI, USA).

### Proliferation index assay of proliferation marker protein Ki-67

An immunohistochemical procedure to detect Ki-67 was performed and results were analyzed using the AxioVision Rel. 4.6 computerized image analysis system assisted by an automatic measurement program (Zeiss AG, Oberkochen, Germany). Following deparaffinization and rehydration, tissue sections were soaked in 3% H~2~O~2~ at 25°C for 10 min, then washed twice in distilled water for 5 min, followed by incubation with an anti-Ki-67 antibody (cat. no. MAB4190; dilution, 1:300; Sigma-Aldrich; Merck KGaA) at 25°C for 60 min. Following washing with PBS, sections were incubated with a peroxidase labeled goat anti-mouse IgG secondary antibody (cat. no. A8924; dilution, 1:300; Sigma-Aldrich; Merck KGaA) at 25°C for 45 min, prior to being colored with DAB (Dako REAL™ EnVision™ Detection System), counterstained with hematoxylin, dehydrated in a gradient concentration of alcohol and mounted with neutral gum under a light microscope. The stained sections were analyzed at ×200 magnification and 10 representative staining fields of each section were analyzed to produce a mean optical density value, which represented the strength of staining signals measured per positive pixel. The mean absorbance data were analyzed to determine statistical differences between groups of tissues.

### CD31 examination

Sections were immunostained for CD31, to indicate neovascularization, by incubating them with primary mouse anti-CD31/PECAM-1 monoclonal antibody (dilution, 1:150; cat. no. NB100-1642, Novus Biologicals, LLC, Littleton, CO, USA) and biotinylated goat anti-mouse IgG (dilution, 1:150; cat. no. NBP1-97590; Novus Biologicals, LLC). The sections were then incubated with ExtrAvidin-horseradish peroxidase (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). Aminoethylcarbazole was used as a chromogenic substrate using an Aminoethylcarbazole Staining kit (Sigma-Aldrich; Merck KGaA). Microphotographs were captured, and 20 random fields of 3 stained sections (\>4 fields/section) from each group were observed at ×40 magnification from central healing areas for semiquantitative analysis of microvessel density. Negative control sections were incubated with PBS instead of the primary antibody.

### Determination of cytokine levels

Serum samples were obtained by centrifugation (5,000 × g for 7 min at room temperature) of blood (postmortem intracardial puncture) from heparinized mice. A total of 4 cytokines, namely IL-18, IL-12, IFN-γ and TNF-α, from serum and tumor tissue homogenates were measured using a quantitative sandwich enzyme technique with Quantikine^®^ ELISA kits (BD Biosciences), according to the manufacturer\'s protocol. The minimum measurable limit of each cytokine was 7.8 pg/ml for IL-12, 20 pg/ml for IFN-γ and TNF-α, and 1.0 pg/ml for IL-18. Hemolyzed samples were excluded. Samples were assayed in duplicate and the mean absorbance was calculated using a standard curve.

### Statistical analysis

Data are presented as the mean ± standard deviation. Statistical analysis was performed using GraphPad Prism software (version 4.0; GraphPad Software, Inc., La Jolla, CA, USA). Differences among three groups were analyzed by one-way analysis of variance and Bonferroni\'s post-hoc test. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Mouse characteristics

All mice had developed tumors 1 week after injection of 4T1 cells. Prior to cell therapy, no significant differences in the tumor size, diet or vitality of the mice among different groups were identified. Following cell therapy, the diet and vitality of the mice in the hUMSC/IL-18 group were improved compared with the PBS, hUMSC and hUMSC/vector groups.

### hUMSCs/IL-18 suppresses tumor proliferation in vivo

The early effect of hUMSCs/IL-18 on breast cancer was evaluated by transduction of hUMSCs/IL-18 1 week after injection of 4T1 cells. Following therapy, proliferation of tumor cells in the mice in the hUMSC/IL-18 group was markedly decreased. There were significant differences in tumor volume between the hUMSC/IL-18 group and the other groups from day 17 (P=0.035). For the course of the study (day 84), the mean tumor volume in the hUMSC/IL-18 group (0.58±0.29 mm^3^) was significantly decreased compared with the other groups (P\<0.01; [Fig. 2](#f2-ol-0-0-8166){ref-type="fig"}). All mice in the hUMSC/IL-18 group remained alive, whereas only 6/8 mice remained alive in the PBS group, and only 4/8 mice remained alive in each of the hUMSC and hUMSC/vector groups (P\<0.05).

In the late-effect study, proliferation of the tumor cells in the hUMSC/IL-18 group was slightly decreased compared with the other groups following cell therapy. At day 45 of the study, tumor volumes in the PBS, hUMSC and hUMSC/vector groups were increased compared with the hUMSC/IL-18 group (P\<0.05; [Fig. 2](#f2-ol-0-0-8166){ref-type="fig"}). Until the end of the study (day 84), 6/8 mice remained alive in the hUMSC/IL-18 group, 5/8 mice remained alive in the PBS group, and 4/8 mice remained alive in each of the hUMSC and hUMSC/vector groups (P\>0.05).

### hUMSCs/IL-18 suppresses tumor metastasis

The effect of transduction of hUMSCs/IL-18 on tumor metastasis was evaluated by determining pulmonary and hepatic metastasis in mice with breast cancer. In the early-effect study, following cell therapy, tumor cell metastasis in the hUMSC/IL-18 group was markedly decreased. Until the end of study, 4/8 mice exhibited pulmonary and hepatic metastasis in the hUMSC/IL-18 group, whereas all mice in the PBS, hUMSC and hUMSC/vector groups exhibited pulmonary and hepatic metastasis (P=0.021). In the late-effect study of hUMSC/IL-18 transduction on tumor metastasis, no positive differences were identified in pulmonary and hepatic metastasis in mice among the 4 groups.

### Analysis of tumor tissue

In the early-effect study, using indirect immunofluorescence analysis, lymphocytes that had infiltrated tumors in the hUMSC/IL-18 group were significantly increased compared with the PBS, hUMSC and hUMSC/vector groups. CD3^+^ and CD8^+^ T cells that had infiltrated tumors were significantly increased in the hUMSC/IL-18 group compared with the other groups (P\<0.01; [Fig. 3](#f3-ol-0-0-8166){ref-type="fig"}). The number of CD16^+^, CD56^+^, CD80^+^ and CD86^+^ cells in the hUMSC/IL-18 group were significantly increased compared with the other groups (P\<0.05; [Fig. 3](#f3-ol-0-0-8166){ref-type="fig"}). These results indicated that hUMSCs/IL-18 effectively activated the immunocytes to serve their antitumor roles. In the late-effect study, numbers of CD3^+^ and CD8^+^ T cells, and CD16^+^, CD56^+^, CD80^+^ and CD86^+^ NK cells in the hUMSC/IL-18 group were significantly increased compared with the other groups, but decreased in comparison with those in the hUMSC/IL-18 group in the early-effect study (all P\<0.05; [Fig. 3](#f3-ol-0-0-8166){ref-type="fig"}).

The levels of cytokines, including IFN-γ, TNF-α, IL-18 and IL-12, were examined in the tumor tissues of the mice 1 week after therapy. Compared with the PBS, hUMSC and hUMSC/vector groups, the levels of these cytokines in the hUMSC/IL-18 group were significantly increased (P\<0.05; [Fig. 4](#f4-ol-0-0-8166){ref-type="fig"}). Similarly, in the late-effect study, levels of IFN-γ, TNF-α, IL-18 and IL-12 in the hUMSC/IL-18 group were significantly increased compared with those in the other groups (P\<0.05; [Fig. 4](#f4-ol-0-0-8166){ref-type="fig"}). No significant differences in the levels of cytokines in the hUMSC/IL-18 group between the early-effect study and the late-effect study were identified. These results suggested that hUMSCs/IL-18 may induce the release of cytokines to promote the antitumor effect.

Lymphocyte infiltration was greater in the tumors of the hUMSCs/IL-18 group compared with those in the other 3 groups, which indicated a large number of tumor cells and minimal lymphocyte infiltration ([Fig. 5](#f5-ol-0-0-8166){ref-type="fig"}). The effect of hUMSCs/IL-18 on tumor angiogenesis was investigated further by examining the expression of CD31 in tumor tissues using immunohistochemistry. The expression of CD31 in the hUMSC and hUMSC/vector groups was significantly increased compared with the PBS and hUMSC/IL-18 groups in the early-effect and the late-effect studies, and expression of CD31 in the hUMSC/IL-18 group was significantly decreased compared with that in the PBS group (P\<0.05; [Fig. 5](#f5-ol-0-0-8166){ref-type="fig"}).

In order to evaluate the effect of hUMSCs/IL-18 on the proliferation of breast cancer cells *in vivo*, the Ki-67 proliferation index was determined using immunohistochemistry. As presented in [Fig. 5](#f5-ol-0-0-8166){ref-type="fig"}, the median percentage of proliferating Ki-67^+^ cells within the tumors in the hUMSC/IL-18 group mice was decreased significantly compared with the PBS group \[0.38 (range, 0.35--0.67) Ki-67^+^ cells/total cells in the hUMSC/IL-18 group vs. 0.51 (range, 0.42--0.75) in the PBS group, P=0.037\], hUMSC group and hUMSC/vector group \[0.67 (range, 0.48--0.90) in the hUMSC group, P=0.009; and 0.63 (range, 0.38--0.83) in the hUMSC/vector group, P=0.004\].

### Immune system analysis

In order to compare the difference of levels of cytokines between serum and tumor tissues, the serum levels of cytokines, including IFN-γ, TNF-α, IL-18 and IL-12, were determined in mice 1 week after therapy. Compared with the PBS, hUMSC and hUMSC/vector groups, the serum levels of IL-18 and IL-12 in the hUMSC/IL-18 group were significantly increased (P\<0.05), whereas no significant differences in the levels of IFN-γ and TNF-α among the 4 groups were identified ([Fig. 6](#f6-ol-0-0-8166){ref-type="fig"}). No significant differences in serum levels of IFN-γ, TNF-α, IL-18 and IL-12 in the hUMSC/IL-18 group were identified between the late-effect and the early-effect study (P\>0.05; [Fig. 6](#f6-ol-0-0-8166){ref-type="fig"}).

Spleen lymphocytes of mice in the hUMSC/IL-18 group were markedly activated following therapy ([Fig. 7](#f7-ol-0-0-8166){ref-type="fig"}). At 1 week after cell therapy, in the early-effect study, the proportion of CD3^+^ T cells in the spleen lymphocytes of mice in the PBS, hUMSC, hUMSC/vector and hUMSC/IL-18 groups was 69, 71, 72 and 97%, respectively. However, in the late-effect study, the proportions of CD3^+^ T cells in the spleen lymphocytes of mice in the PBS, hUMSC, hUMSC/vector and hUMSC/IL-18 groups were 52.8, 56.6, 58.7 and 85.7%, respectively. Thus, the activation of immunocytes in the hUMSC/IL-18 group in the early-effect study was increased compared with that in the late-effect study (P=0.039). The percentage of CD3^+^ T cells was markedly increased in the hUMSC/IL-18 group compared with the PBS group (P=0.031; [Fig. 7](#f7-ol-0-0-8166){ref-type="fig"}). Subpopulations of CD4^+^ and CD8^+^ T cells in the 4 groups were analyzed. Compared with the other groups, the percentage of CD3^+^CD8^+^ T cells in the hUMSC/IL-18 group was significantly increased (P=0.001; [Fig. 7](#f7-ol-0-0-8166){ref-type="fig"}). For CD4^+^CD25^+^ T cells, the proportion was significantly decreased in the hUMSC/IL-18 group compared with the PBS, hUMSC and hUMSC/vector groups (P=0.032; [Fig. 7](#f7-ol-0-0-8166){ref-type="fig"}). In the late-effect study, the proportion of CD3^+^ T cells in the hUMSC/IL-18 group was increased slightly compared with the other groups; however, no significant difference was identified (P\>0.05; [Fig. 7](#f7-ol-0-0-8166){ref-type="fig"}).

### Side effects

During the therapy and observation, no abnormality was identified at the sites of injection by macroscopic observations. No acute or chronic side effects were observed in the mice in the hUMSC/IL-18, hUMSC or hUMSC/vector groups compared with the PBS group.

Discussion
==========

IL-18 serves important roles in cancer progression and metastasis. hUMSCs/IL-18 were able to suppress the proliferation, migration and invasion of MCF-7 cells and HCC1937 cells *in vitro* in our previous study ([@b19-ol-0-0-8166]). In the present study, the effect of hUMSCs/IL-18 on breast cancer in a mouse model was further investigated, and it was identified that hUMSCs/IL-18 served antitumor roles *in vivo*, including the expression of IL-18 protein, the suppression of tumor proliferation and metastasis by activating immunocytes and immune cytokines, decreasing the Ki-67 proliferation index of tumor cells and inhibiting tumor angiogenesis.

It has been demonstrated that MSCs are able to be recruited from the systemic circulation to the stroma of a number of types of growing tumors, including melanoma, glioma, breast cancer and pancreatic cancer ([@b20-ol-0-0-8166]--[@b23-ol-0-0-8166]). In tumor sites, MSCs are able to enhance tumor proliferation, invasiveness and the formation of metastases through multiple mechanisms. In addition to differentiating into tumor endothelial cells, pericytes, smooth muscle cells and cancer-associated fibroblasts, MSCs may assist in promoting tumor proliferation by stimulating tumor cells directly in a paracrine fashion ([@b20-ol-0-0-8166],[@b22-ol-0-0-8166]). In the present study, hUMSCs and hUMSCs/vector were able to promote tumor proliferation and metastasis in BALB/c mice with breast cancer. However, the tropism of MSCs to growing tumors also represented a powerful tool to deliver therapeutic substances to these tumors. The transduction of hUMSCs/IL-18 into mice led to significantly reduced tumor proliferation as compared with mice receiving hUMSCs or hUMSCs/vector alone. In the present study, in the hUMSC/IL-18 group, tumor regression was significant from day 17; this result was consistent with the study by Müller *et al* ([@b24-ol-0-0-8166]), which demonstrated that IL-18-encoding plasmid DNA exhibited antitumor effects in B16 melanoma and that tumor regression was significant on day 15 of the treatment cycle in the IL-18 group. Furthermore, recombinant murine IL-18 was demonstrated to be effective in B16 melanoma even when the mice were depleted of T cells and NK cells ([@b25-ol-0-0-8166],[@b26-ol-0-0-8166]).

The quantity and quality of immunocyte infiltration into the tumor environment, including the critical balance between effector and regulatory T cells, have been recognized as vital components of spontaneous and therapy-induced antitumor immune control ([@b27-ol-0-0-8166],[@b28-ol-0-0-8166]). In the present study, following transduction of hUMSCs/IL-18 into mice, the number of immune cells that infiltrated into the tumor site and were activated increased. The proportions of CD3^+^ and CD8^+^ T cells, and CD16^+^, CD56^+^, CD80^+^ and CD86^+^ NK cells in the hUMSC/IL-18 group were increased compared with the other groups. These results indicated that hUMSCs/IL-18 were able to serve antitumor roles by stimulating the cytotoxic activity of NK and T cells. Furthermore, levels of cytokines, including IFN-γ, TNF-α, IL-18 and IL-12, in tumor tissues were also increased in the hUMSC/IL-18 group. IL-18 alone or in synergy with other cytokines, including IL-12, modulated the differentiation, proliferation, function and survival of immune cells ([@b29-ol-0-0-8166],[@b30-ol-0-0-8166]). NK cells activated by IL-18 were able to induce the activation of dendritic cells (DCs) and potentiate DC-mediated induction of tumor-specific Th1 and cytotoxic T lymphocyte adaptive immune responses through an IFN-γ- and TNF-α-dependent mechanism ([@b31-ol-0-0-8166],[@b32-ol-0-0-8166]). NK cells may act as the inducers of local immune cell accumulation, promoting the CCR5-dependent attraction of immature DCs and driving subsequent DC production of the effector CD8^+^ T cell-recruiting chemokines C-X-C motif chemokine ligand (CXCL)9, CXCL10 and CCL5, in cells isolated from the blood of healthy donors and in tumor-associated cells isolated from the malignant ascites of patients with advanced (stage III--IV) cancer ([@b33-ol-0-0-8166]).

It was previously reported that IL-18 was able to inhibit the proliferation of tumor cells by inhibiting tumor angiogenesis ([@b34-ol-0-0-8166]). CD31 is considered a marker that indicates the degree of tumor angiogenesis ([@b35-ol-0-0-8166]). In the present study, immunohistochemical staining of CD31 indicated that treatment with hUMSCs/IL-18 resulted in reduced vessel formation compared with treatment with hUMSCs or hUMSCs/vector. Furthermore, the treatment of mice with hUMSCs/IL-18 led to a significantly decreased Ki-67 proliferation index in tumors compared with that in mice receiving hUMSCs or hUMSCs/vector alone. In our previous *in vitro* study ([@b19-ol-0-0-8166]), it was demonstrated that hUMSCs/IL-18 were able to induce the G1- to S-phase arrest of breast cancer cells. These results indicated that hUMSCs/IL-18 were able to suppress tumor proliferation by inhibiting tumor angiogenesis and decreasing Ki-67 proliferation indices in tumors.

As a main cause of cancer mortality, metastasis is a complex process involving a range of overlapping events, including cancer cell attachment to the extracellular matrix, and cell invasion and migration ([@b36-ol-0-0-8166]). Yamada *et al* ([@b37-ol-0-0-8166]) demonstrated that IL-18 suppressed the pulmonary metastasis of osteosarcoma cells, independently of T and NK cells, by inducing one or more host factors that suppressed cell mobility to inhibit the settlement of osteosarcoma cells in the lung. Furthermore, previous studies have demonstrated that increased IL-18 serum levels accompany tumor progression and have a negative prognostic impact on patients with cancer ([@b38-ol-0-0-8166]--[@b40-ol-0-0-8166]). In the present early-effect study, transduction of hUMSCs/IL-18 into mice significantly suppressed the pulmonary metastasis and hepatic metastasis of breast cancer, whereas in the late-effect study, the suppressing effect on tumor metastasis was not evident. The underlying molecular mechanisms remain unclear; however, it has been demonstrated previously that IL-18 alone accelerated tumor progression in the absence of Th1-like cytokines, in part through cell autonomous effects on cancer and endothelial cells ([@b41-ol-0-0-8166]). In addition, low doses of IL-18 were able to mediate immunosuppression on the NK cell arm of immunity ([@b42-ol-0-0-8166],[@b43-ol-0-0-8166]).

In the present study, the difference between cytokines and immunocytes that had infiltrated into tumor tissues and into the systemic circulation was compared. The levels of cytokines and immunocytes that had infiltrated into tumor tissues were increased compared with those that had infiltrated into the systemic circulation. The levels of cytokines in tumor tissues were increased \~1.5-fold compared with those in the systemic circulation. This result may be due to the locally increased concentration of IL-18 and partial release into the bloodstream, and also indicated that increased numbers of hUMSCs/IL-18 migrated to the tumor sites to serve this role. The early effect and the late effect of hUMSCs/IL-18 on breast cancer were also investigated. For the early effect, hUMSCs/IL-18 significantly suppressed tumor proliferation and tumor metastasis, whereas for the late effect, the therapeutic effect was not as marked as the early effect, particularly for tumor metastasis. This result indicated that the early effect of treatment offered an improvement over the late effect of treatment.

The results of the present study identified that hUMSCs/IL-18 were able to inhibit the proliferation and metastasis of tumor cells in a mouse model of breast cancer. hUMSCs/IL-18 suppressed the proliferation of tumor cells by activating immunocytes and immune cytokines, decreasing the Ki-67 proliferation index of tumor cells and inhibiting tumor angiogenesis. Furthermore, hUMSCs/IL-18 were able to induce an improved therapeutic effect in the tumor sites, particularly in early tumors. However, the present study represents a preliminary study, and further investigations are required to identify how to increase the expression of IL-18, how to determine the optimal number and duration of cell infusion for cancer therapy, and how to combine cell therapy with chemotherapy or radiotherapy, particularly for advanced tumors.

The present study was supported by the Department of Central Laboratory, The Affiliated Hospital of Qingdao University, and by the Shandong Provincial Natural Science Foundation (grant no. 2013ZRB01426).
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![Antitumor effect of cell therapy. Following therapy, 8 mice in each group were monitored for 84 days. (A) In the early-effect study, the tumor volumes of mice in the hUMSC/IL-18 group were significantly decreased compared with the tumor volumes of mice in the PBS, hUMSC and hUMSC/vector groups from day 17 onwards. (B) In the late-effect study, the tumor volumes of mice in the hUMSC/IL-18 group were significantly decreased compared with the tumor volumes of mice in the PBS, hUMSC and hUMSC/vector groups from day 45 onwards. \*P\<0.05 vs. all other groups. hUMSCs, human mesenchymal stem cells derived from umbilical cord; IL-18, interleukin 18.](ol-15-05-6265-g01){#f2-ol-0-0-8166}

![Analysis of lymphocyte infiltration into tumor tissues. Tumor tissues were snap-frozen, and 4-µm thick sections were prepared, then stained with fluorescently labeled antibodies. The number of CD3^+^ and CD8^+^ T cells, and CD16^+^, CD56^+^, CD80^+^ and CD86^+^ NK cells were quantified in 4 sections randomly selected for each group. (A) In the early-effect study, the proportions of CD3^+^ and CD8^+^ T cells, and CD16^+^, CD56^+^, CD80^+^ and CD86^+^ NK cells in the hUMSC/IL-18 group were significantly increased compared with the other groups. (B) In the late-effect study, the proportions of CD3^+^ and CD8^+^ T cells, and CD16^+^, CD56^+^, CD80^+^ and CD86^+^ NK cells in the hUMSC/IL-18 group were significantly increased compared with those in the other groups, but were decreased compared with those in the hUMSC/IL-18 group in the early-effect study (P=0.039). \*P\<0.05 vs. all other groups. CD, cluster of differentiation; hUMSCs, human mesenchymal stem cells derived from umbilical cord; IL-18, interleukin 18; NK, natural killer.](ol-15-05-6265-g02){#f3-ol-0-0-8166}

![Cytokine levels in tumor tissues. At 1 week after cell therapy, levels of cytokines in tumor tissues, including IFN-γ, TNF-α, IL-18 and IL-12, were determined using ELISA. (A) In the early-effect study, the levels of IFN-γ, TNF-α, IL-18 and IL-12 in the hUMSC/IL-8 group were significantly increased compared with levels in the PBS, hUMSC and hUMSC/vector groups. (B) In the late-effect study, levels of IFN-γ, TNF-α, IL-18 and IL-12 in hUMSCs/IL-18 group in late infusion study were significantly increased compared with levels in the PBS, hUMSC and hUMSC/vector groups. No significant differences in the levels of cytokines in the hUMSC/IL-18 group between the early-effect and the late-effect study were identified. \*P\<0.05 vs. all other groups. IFN-γ, interferon γ; TNF-α, tumor necrosis factor α; IL, interleukin; hUMSCs, human mesenchymal stem cells derived from umbilical cord.](ol-15-05-6265-g03){#f4-ol-0-0-8166}

![CD31 and Ki-67 proliferation index in tumor tissues. (A) Histological examinations using hematoxylin and eosin staining (magnification, ×20). (B) Expression of CD31 in the hUMSC and hUMSC/vector groups was significantly increased compared with that in the PBS and the hUMSC/IL-18 groups (^\#^P\<0.05), and expression of CD31 in the hUMSC/IL-18 group was significantly decreased compared with that in the PBS group (\*P\<0.05). (C) The median proportion of proliferating Ki-67^+^ cells within the tumors in the hUMSC/IL-18 group decreased significantly compared with that in the PBS group (\*P=0.037), hUMSC group (^\#^P=0.009) and hUMSC/vector group (\^P=0.004). CD, cluster of differentiation; Ki-67, proliferation marker protein Ki-67; hUMSCs, human mesenchymal stem cells derived from umbilical cord; IL-18, interleukin 18; IOD, integrated optical density.](ol-15-05-6265-g04){#f5-ol-0-0-8166}

![Cytokine levels in peripheral blood. At 1 week after cell therapy, serum levels of cytokines, including IFN-γ, TNF-α, IL-18 and IL-12, were determined using ELISA. (A) In the early-effect study, the serum levels of IL-18 and IL-12, but not of TNF-α or IFN-γ, in the hUMSC/IL-18 group were significantly increased compared with levels in the PBS, hUMSC and hUMSC/vector groups. (B) In the late-effect study, the serum levels of IL-18 and IL-12, but not of TNF-α or IFN-γ, in the hUMSC/IL-18 group were significantly increased compared with levels in the PBS, hUMSC and hUMSC/vector groups. No significant differences in serum levels of IFN-γ, TNF-α, IL-18 and IL-12 in the hUMSC/IL-18 group between the late-effect and the early-effect study were identified. \*P\<0.05, vs. all other groups. IFN-γ, interferon γ; TNF-α, tumor necrosis factor α; IL, interleukin; hUMSCs, human mesenchymal stem cells derived from umbilical cord.](ol-15-05-6265-g05){#f6-ol-0-0-8166}

![Flow cytometric analysis of spleen lymphocyte subpopulations. At 1 week after cell therapy, 8 mice in each group were sacrificed to collect spleen lymphocytes for analysis. The proportion of CD3^+^CD8^+^ T cells in the hUMSC/IL-18 group was significantly increased compared with the PBS, hUMSC and hUMSC/vector groups (P=0.007, 0.023 and 0.039, respectively). Conversely, the proportion of CD4^+^CD25^+^ T cells in the hUMSC/IL-18 group was significantly decreased compared with the PBS, hUMSC and hUMSC/vector groups (P=0.009, 0.035 and 0.021, respectively). CD, cluster of differentiation; hUMSCs, human mesenchymal stem cells derived from umbilical cord; IL-18, interleukin 18; PE, phyocerythrin; FITC, fluorescein isothiocyanate.](ol-15-05-6265-g06){#f7-ol-0-0-8166}
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